Leptin produced by adipocytes controls body weight by restraining food intake and enhancing energy expenditure at the hypothalamic level. The diet-induced increase in fat mass is associated with the presence of elevated circulating leptin levels, suggesting the development of resistance to its anorectic effect. Rats, like humans, show different susceptibility to diet-induced obesity. The aim of the present study was to compare the degree of leptin resistance in obesity-prone (OP) vs obesity-resistant (OR) rats on a moderate high-fat (HF) diet and to establish if the effects of leptin on hypothalamo-pituitary endocrine functions were preserved. Starting from 6 weeks after birth, male Sprague-Dawley rats were fed on either a commercial HF diet (fat content: 20% of total calorie intake) or a standard pellet chow (CONT diet, fat content: 3%). After 12 weeks of diet, rats fed on HF diet were significantly heavier than rats fed on CONT diet. Animals fed on HF diet were ranked according to body weight; the two tails of the distribution were called OP and OR rats respectively. A polyethylene cannula was implanted into the right ventricle of rats 1 week before central leptin administration. After 12 weeks of HF feeding, both OR and OP rats were resistant to central leptin administration (10 OP, 80 [60; 98] as medians and 95% CIs of six rats for each group); the decrease of food intake following 200 µg leptin i.p. administration was similar in all the three groups (calorie intake as a percent of vehicle-treated rats: 86 [80; 92] as median and 95% CI). The long-term intake of HF diet caused hyperleptinemia, hyperinsulinemia and higher plasma glucose levels in OP rats as compared with CONT rats. Plasma thyroxine (T4) was lower in all the rats fed the HF diet as compared with CONT. i.c.v. administration of leptin after 32 weeks of diet restored normal insulin levels in OP rats. Moreover, leptin increased plasma T4 concentration and strongly enhanced GH mRNA expression in the pituitary of OP as well as OR rats (180 10% vs vehicle-treated rats). In conclusion, long-term intake of HF diet induced a partial central resistance to the anorectic effect of leptin in both lean and fat animals; the neuroendocrine effects of leptin on T4 and GH were preserved.
Leptin produced by adipocytes controls body weight by restraining food intake and enhancing energy expenditure at the hypothalamic level. The diet-induced increase in fat mass is associated with the presence of elevated circulating leptin levels, suggesting the development of resistance to its anorectic effect. Rats, like humans, show different susceptibility to diet-induced obesity. The aim of the present study was to compare the degree of leptin resistance in obesity-prone (OP) vs obesity-resistant (OR) rats on a moderate high-fat (HF) diet and to establish if the effects of leptin on hypothalamo-pituitary endocrine functions were preserved. Starting from 6 weeks after birth, male Sprague-Dawley rats were fed on either a commercial HF diet (fat content: 20% of total calorie intake) or a standard pellet chow (CONT diet, fat content: 3%). After 12 weeks of diet, rats fed on HF diet were significantly heavier than rats fed on CONT diet. Animals fed on HF diet were ranked according to body weight; the two tails of the distribution were called OP and OR rats respectively. A polyethylene cannula was implanted into the right ventricle of rats 1 week before central leptin administration. After 12 weeks of HF feeding, both OR and OP rats were resistant to central leptin administration (10 µg, i.c.v.) (24 h calorie intake as a percent of vehicle-treated rats: CONT rats, 62 [50; 78] ; OR, 93 [66; 118] ; OP, 90 [70; 120] as medians and 95% confidence intervals (CIs) of six rats for each group). Conversely, after 32 weeks of diet both OR and OP rats were partially responsive to 10 µg leptin i.c.v. as compared with CONT rats (24 h calorie intake as a percent of vehicle-treated rats: CONT rats, 60 [50; 67] ; OR, 65 [50; 80] ; OP, 80 [60; 98] as medians and 95% CIs of six rats for each group); the decrease of food intake following 200 µg leptin i.p. administration was similar in all the three groups (calorie intake as a percent of vehicle-treated rats: 86 [80; 92] as median and 95% CI). The long-term intake of HF diet caused hyperleptinemia, hyperinsulinemia and higher plasma glucose levels in OP rats as compared with CONT rats. Plasma thyroxine (T4) was lower in all the rats fed the HF diet as compared with CONT. i.c.v. administration of leptin after 32 weeks of diet restored normal insulin levels in OP rats. Moreover, leptin increased plasma T4 concentration and strongly enhanced GH mRNA expression in the pituitary of OP as well as OR rats (180 10% vs vehicle-treated rats). In conclusion, long-term intake of HF diet induced a partial central resistance to the anorectic effect of leptin in both lean and fat animals; the neuroendocrine effects of leptin on T4 and GH were preserved.
Introduction
Leptin produced by adipocytes controls the daily management of body weight homeostasis by restraining food intake and enhancing energy expenditure (Kalra et al. 1999) . The increase in adiposity is the outcome of a positive energy balance as a result of less energy expenditure as compared with energy intake. Remarkably, the age-related and environmentally based increase in fat mass is associated with the presence of elevated circulating leptin levels, suggesting a loss of leptin control on hypothalamic pathways regulating appetite and energy expenditure (Spiegelman & Flier 2001) . In fact, diet-induced obesity is now regarded as a status of leptin resistance (Sahu 2004) . Numerous studies suggest that leptin resistance is due to leptin insufficiency in the hypothalamus as a result of defective transport across the blood-brain barrier (Schwartz et al. 1996 , Banks et al. 1999 , Burguera et al. 2000 ; actually, it has been clearly demonstrated that central leptin resistance may also be due to hyperleptinemia induced by exogenous leptin infusion as well as central leptin gene delivery, implying that an alteration of molecular leptin signaling pathways is involved in the development of a defective central response to the protein (Sahu 2002 , Scarpace et al. 2002 .
It is well known that rats, like humans, show different susceptibility to the development of diet-induced obesity, so that it is possible to select individuals with a lean phenotype despite a high calorie intake and individuals that develop obesity (Archer et al. 2003) . The aim of the present study was to compare the degree of resistance to the anorectic effect of exogenous leptin in obesity-prone (OP) vs obesity-resistant (OR) rats selected from a large number of rats fed on a moderate high-fat (HF) diet. Reportedly, leptin also mediates adaptive responses of hypothalamo-pituitary function to changes of the nutritional status (Barash et al. 1996 , Chehab et al. 1996 . In particular, it can be added to the list of the metabolic signals regulating growth hormone (GH) secretion, at least in the rat. The i.c.v. administration of an antiserum to leptin abolishes GH secretion in fed rats (Carro et al. 1997) ; moreover, it has been shown that leptin increases GH mRNA expression acting directly on pituitary cells (Baratta et al. 2002) as well as regulating the activity of GH-releasing hormone-and somatostatin (SS)-secreting neurons in the rat hypothalamus . Leptin also activates the hypothalamo-pituitary-thyroid axis through the thyrotropin-releasing hormone (TRH)-secreting neurons located in the paraventricular nucleus (PVN) (Cusin et al. 2000 , Guo et al. 2004 , Huo et al. 2004 ) and enhances the deiodinase activity converting thyroxine (T4) to triiodothyronine (T3) in peripheral tissues (Cettour-Rose et al. 2002) . Both GH and thyroid hormones play a central role in the regulation of anabolic function and energy expenditure. Thus, the second aim of the study was to establish if the effects of leptin on indices of somatotroph and thyroid functions were preserved in animals made resistant to its anorectic effect, in this way supporting the recently held concept of selective leptin resistance.
Materials and Methods

Animals and diet
This study was performed according to the Italian ethics legislation governing these experiments (Ministry of Health, Decreto Legge 116/92).
Two hundred and forty male Sprague-Dawley rats (Harlan, S Pietro al Natisone, Italy) were used; they were housed in a temperature-controlled environment (21-23 C) with a 12 h light:12 h darkness cycle, with free access to food and water. Starting from 6 weeks after birth, two-thirds of the animals were fed on a commercial HF diet (Rieper, Bolzano, Italy), while one-third of the animals were allowed free access to standard pellet chow and served as controls (CONT). The compositions of the diets used in the study are reported in Table 1 ; the HF diet was characterized by a relatively low fat content compared with other experimental diets, whose fat content reaches up to 40-60% of total calorie intake (Lin et al. 2000 , Ziotopoulou et al. 2000 . All animals were weighed weekly throughout the experimental period. After 10 weeks, the mean body weight of rats fed on HF diet was significantly higher as compared with CONT rats. HF rats were ranked according to body weight. Animals representing the two tails of the distribution were called OP rats and OR rats respectively. Rats were also measured (nose-anal length) to obtain the obesity index (OI) of Lee (Frohman et al. 1971 The experimental protocol is scheduled in Fig. 1 . OP and OR rats were randomly divided for the distinct in vivo studies. For each study, an appropriate number of pairaged CONT rats were sampled randomly from the group of rats fed standard pellet chow.
In vivo experiments
A polyethylene cannula (PE-10) was implanted into the right lateral ventricle of rats, under ketamine-xylazine anesthesia, as previously described . The implantation was carried out 1 week before central administration of leptin and the correct placement of the cannula was carefully verified at the time of killing by injecting 2 µl toluidine blue dye followed by decapitation and dissection of the brain. Data obtained from improperly implanted animals were discarded. Animals were housed separately. They were given 10 µg recombinant mouse leptin (Sigma) in 10 µl physiological saline through the cannula, just before the beginning of the dark phase of the daily darkness:light cycle. CONT rats received isovolumetric amounts of leptin vehicle. After the administration, animals were presented with a pre-weighed amount of their usual diet; 2, 4 and 24 h later, the residual pellets were weighed in order to calculate food consumption. The following day, rats received a second administration of (184) 58 (238) 15 (78) leptin; 2 h later, fed rats were killed by decapitation and trunk blood was collected in EDTA-coated tubes for hormone determinations. The whole pituitary was rapidly removed from the sella turcica and the anterior lobe was rapidly dissected and frozen at 80 C. The epididymal fat pads were removed and weighed. The study of the effects of i.p. administration of leptin (200 µg dissolved in 1 ml physiological saline) was performed following the same time schedule of i.c.v. administration.
Pituitary GH mRNA
Total RNA was isolated from each pituitary by the singlestep acid guanidinium thiocyanate-phenol-chloroform extraction method (Trireagent; Sigma). Total RNA sample (15 µg/sample) from the pituitary was run on a 1·2% formaldehyde/agarose gel and transferred to nylon membranes (Hybond N; Amersham International). Filters were hybridized with a rat GH cDNA sequence kindly provided by Dr F De Noto (University of California, San Francisco, CA, USA). The probe was labeled using the Megaprime DNA labeling system (Amersham) with [ -32 P]dCTP to a specific activity of 1×10 9 d.p.m./µg DNA. The size of the GH mRNA transcript detected by Northern hybridization, 0·8 kb, corresponds to that reported previously . Control of the amount of the RNA loaded was performed by reprobing the filters with [ -32 P]dCTP-labeled GAPDH cDNA. After hybridization, autoradiography was carried out at 70 C for 12 h with intensifying screens using Hyperfilm-MP (Amersham).
Assays for plasma insulin, T4, T3, glucose and cholesterol
Insulin, total T4 and total T3 were assayed by RIA methods using commercial kits provided by ICN (Costa Mesa, CA, USA). Glucose was assayed by Glucotrend (Roche Diagnostics, Mannheim, Germany) and cholesterol by a colorimetric method using a commercial kit (Boehringer, Ingelheim, Germany).
Statistics
The statistical significance (P<0·05) of the differences in the mean values between the distinct experimental groups was evaluated by either a parametric or a non-parametric test when appropriate. The statistics used are described for the results in the legends of Figures and in the running text. With regard to the food intake experiments, the statistical significance refers to the difference in calorie intake between the leptin-treated rats and the respective vehicle-treated controls. Calorie intake of each leptintreated group was then depicted as percent of the calories ingested by the respective CONT group.
Results
Effects of HF diet on body weight gain
Rats fed on the HF diet gained body weight more rapidly than rats fed on standard chow. After 10 weeks of the HF diet, the mean body weight and OI of OP rats differed significantly from the values of both OR rats and CONT (OP rats, OI=327 5·7 a ; OR rats, OI=308 2·6; CONT, OI=300 6·5; a P<0·05 vs CONT as well as OR rats, based on one-way ANOVA followed by Tukey's test). The difference in body weight between CONT and OR rats reached the statistical significance after 30 weeks of the HF diet ( Fig. 2A) . After 32 weeks, the epididymal fat pads of OP rats were heavier as compared with those of CONT rats and OR rats, whereas no difference was observed between CONT and OR rats (Fig. 2B) .
Rats fed on HF diet had similar calorie intake per day as compared with rats fed on standard pellet chow. A significant difference in calorie intake was observed Leptin resistance in rats fed a high-fat diet · G TULIPANO, A V VERGONI and others 291 between OP rats and CONT rats after 20 and 32 weeks of diet. No difference was observed between OP rats and OR rats at any time (Fig. 3) .
Beginning from 10 weeks up to 32 weeks of diet, the increase of body weight vs time was linear (R=0·9) for each group of rats (slopes of the growth curves: CONT, 5·802 0·4; OR, 7·505 0·7 a ; OP, 9·548 0·8 P<0·05 vs OR). The mean calorie intake of OP rats over the same interval was 20% higher compared with CONT rats (P<0·05), whereas no difference was present between CONT and OR rats.
Effects of leptin administration on energy intake
After 12 weeks of diet, i.c.v. administration of leptin (10 µg) caused a decrease of calorie intake in CONT rats; on the contrary, rats fed on HF diet were refractory to the anorectic effect of leptin (Fig. 4A) . ]* as medians and 95% confidence intervals (CIs) of six rats; *P<0·05 as to the decrease of calorie intake of leptin-treated rats vs the respective vehicle-treated CONT rats, based on Mann-Whitney's test). i.c.v. administration of 10 µg leptin still caused a robust decrease of calorie intake in CONT rats. OR rats fed on the HF diet were still responsive to leptin but the anorectic effect of leptin was delayed and attenuated as compared with that of CONT rats; as to OP rats, the decrease of mean calorie intake did not reach statistical significance (Fig. 4B) .
Hormones, glucose and cholesterol determinations
After 12 weeks of diet, plasma glucose and insulin levels were not significantly altered in rats fed on HF diet vs CONT rats. Plasma leptin tended to increase in OP animals, although not significantly (Table 2) .
After 32 weeks of diet, plasma leptin levels measured in OP rats were significantly higher compared with that of CONT rats (CONT, 11·5 [5; 23] ; OR, 20·1 [2; 68]; OP, 47 [30-67]* ng/ml as medians and 95% CIs of six rats; *P<0·05 vs CONT, based on Kruskal-Wallis followed by Dunns' test). The plasma concentrations of leptin were positively related to the weight of the epididymal fat pads (R=0·7, P<0·0001). Data on insulin, thyroid hormones, glucose and cholesterol determinations are summarized in Table 3 . The long-term intake of HF diet caused a significant increase of plasma insulin levels in OP rats compared with CONT rats whereas insulin was not altered in OR rats; plasma glucose concentrations tended to increase in OP as well as OR rats, although not significantly. HF diet decreased plasma total T4 concentrations in both OR and OP rats compared with CONT rats. i.c.v. administration of leptin significantly reduced plasma insulin concentrations in CONT rats vs the respective vehicle-treated CONT rats. Moreover, leptin administration tended to normalize plasma insulin and T4 levels in rats fed on HF diet (Dunns' test for multiple comparisons). Plasma cholesterol levels were highly variable and no changes clearly related to either HF diet intake or leptin administration were observed. The statistical analysis did not reveal any significant difference in plasma total T3 concentration related to either HF diet or treatment with leptin. The changes in metabolic and hormonal indices following systemic leptin administration to rats after 32 weeks of diet did not reach statistical significance.
Single-point determination of plasma GH failed to evidence any change among the different experimental groups due to the pulsatile secretion of GH and the ensuing high variability of GH levels (data not shown). Rats fed HF diet did not show any alterations in GH mRNA levels in the pituitary compared with CONT rats and no difference was detected between OR and OP rats. Leptin treatment of rats fed on HF diet induced a strong increase of GH mRNA expression, of the same extent in both OR and OP rats (Fig. 5) .
Discussion
The association of adiposity with hypothalamic leptin resistance has been recently debated. The evidence presented in several studies suggests that in both humans and rodents the HF-feeding-induced obesity is associated with an attenuated response to the anorectic action of leptin (Sahu 2004) ; however, it has not been established yet how and to what extent leptin resistance may contribute to the development and the maintenance of the obese phenotype. Moreover, attempts to reverse the diet-induced obesity by leptin gene delivery into rat brain provided contradictory results, suggesting that central leptin resistance could not be considered the inevitable outcome of diet-induced obesity in rodents (Bagnasco et al. 2003 , Wilsey et al. 2003 .
Rats, like humans, show different susceptibility to the development of diet-induced obesity. In this context, evidence has been reported suggesting a bimodal distribution of body weight gain in rats fed an HF diet, although a recent study challenged such a conclusion, reporting a normal distribution (Archer et al. 2003) . Regardless of the shape of the distribution curve, it is definitely possible to select rats having a lean phenotype despite the HF diet and rats that develop obesity (Torri et al. 2002) .
The aim of the present study was to compare the degree of leptin resistance in OP and OR rats derived from a large cohort of rats fed chronically on a moderate HF diet, and to evaluate whether a different sensitivity to the anorectic effect of endogenous leptin may contribute to induce different phenotypes.
There was no difference in the amount of daily calorie intake ingested by the two groups of rats fed on the distinct diets. Actually, it is necessary to note that the different macroscopic composition of the two diets might have Figure 4 Effect of leptin administration on 2, 4 and 24 h calorie intake during the dark phase of the daily darkness:light cycle. Animals were housed separately. (A) Leptin (10 g) was administered i.c.v. to rats after a 12 week diet. (B) Leptin (10 g) was administered i.c.v. to rats after a 32 week diet. The residual food intake of leptin-treated rats is reported as a percent of calorie intake of the respective vehicle-treated CONT rats. Medians and 95% CIs of six to eight rats for each group are shown. **P<0·01 and *P<0·05 as to the decrease of calorie intake of leptin-treated rats vs the respective vehicle-treated CONT rats (Mann-Whitney's test). influenced the efficiency of nutrient uptake in the rat gastrointestinal tract. The excess of daily calorie intake of OP rats compared with that of both CONT and OR rats was rather inconsistent and by no means could account for the marked excess in body weight gain. In fact, the slope of the growth curve of OP rats from 10 to 32 weeks of diet was 1·7-fold higher compared with CONT rats whereas their mean calorie intake over the same interval was only 1·2-fold higher than that of CONT rats. Thus, likely, instrumental to the outcome of obesity was a more efficient utilization of nutrients in OP rats compared with OR rats associated with the intake of a high percent of fat. After 12 weeks of diet, the rats fed on HF diet showed central resistance to the anorectic action of leptin; unexpectedly, after 32 weeks of diet central administration of leptin evidenced a restored sensitivity to the protein in OR rats, although the anorectic response to leptin was still altered in the time course and amplitude compared with that of CONT rats. Leptin tended to decrease food intake also in OP rats, although not significantly. At this stage, OP, OR and CONT animals had the same sensitivity to peripherally administered leptin.
Evidence has been presented for a defect in leptin transport across the blood-brain barrier and, consequently, for leptin access to hypothalamic nuclei, in both dietinduced obese animals as well as in obese humans (Schwartz et al. 1996 , Banks et al. 1999 , Burguera et al. 2000 . In the present study, OP rats were as sensitive to a low dose of peripherally administered leptin as CONT rats. Actually, even in CONT rats the decrease of food intake achieved following i.p. leptin administration was modest. Since, reportedly, the response to peripherally administered leptin decreases with aging (Scarpace & Turner 2001) , we cannot rule out that at 32 weeks of life the brain uptake of leptin was reduced in both lean and fat rats.
To sum up, the present study implies that development of central leptin resistance associated with the continuous intake of the HF diet affects both lean and fat rats and can be divorced from the development of obesity.
Seemingly, the full desensitization of the central pathway mediating the effect of leptin on appetite may revert spontaneously to a mild form of leptin resistance without discontinuation of the HF diet. It is tempting to speculate that the high titers of plasma leptin present in rats following the prolonged HF diet intake (and aging) had induced a robust depletion of the specific blood-brain barrier transport system. Such an event, by protecting hypothalamic sites from continuous exposure to leptin would restore partial sensitivity to the protein in the central nervous system.
The partial anorectic response to leptin present in OP rats was sufficient to improve some hormonal and metabolic indices altered by the HF diet, like plasma insulin and glucose.
It is known that leptin is not only an inhibitor of food intake but also an important modulator of metabolic pathways that increase energy expenditure and reduces tissue lipids by enhancing fatty acid oxidation and inhibiting lipogenesis (Unger 2003) . In this context, it is worth recalling that continuous central infusion of leptin induces an initial marked decrease in food intake, which, after 2 weeks of infusion, reverts to normality. In contrast, body weight remains stable at reduced levels despite normalization of food intake (Sahu 2002) , implying that onset of tolerance to the anorectic effect of leptin is more prompt than tolerance to its metabolic effects.
In summary, revealing the peculiar features that prevent OR rats from developing an excess of body weight despite the HF diet, might suggest new solutions for the pharmacological treatment of diet-induced obesity.
Recently, to describe the preservation of the sympathoexcitatory action of leptin, despite the resistance to its satiety and weight-reducing effects, in agouti yellow obese mice and diet-induced obese mice, the concept of selective leptin resistance has been put forward (Sahu 2004) . In our study, we present data further supporting the existence of selective leptin resistance in rodents fed on HF diet.
Leptin is likely to mediate adaptive responses of different neuroendocrine axes (i.e. gonadal, adrenal, thyroid and somatotrophic axis) (Barash et al. 1996 , Carro et al. 1997 , Guo et al. 2004 ) to changes of the nutritional status. In rodents, leptin stimulates GH secretion by inhibiting SS release; thus, the decrease of plasma leptin concentration may contribute to the inhibition of the GH/insulin-like growth factor (IGF)-I axis present in starved animals. The adaptive mechanisms to fasting in humans include a response of the GH/IGF-I axis which is opposite to that observed in rodents; so the possibility is raised that in humans leptin may be inhibitory and not stimulatory to GH secretion.
It has been previously shown that central leptin administration induces an increase of pituitary GH mRNA content in lean rats ; in the present study, a clear-cut stimulatory effect of leptin on GH expression was detected in OR rats as well as in OP rats. These data suggest that a selective desensitization of the hypothalamic pathways that mediate the anorectic response to leptin in rats fed on HF diet occurs in the presence of a full sensitivity of the pathway which mediates the somatotrophic response.
A decrease of plasma T4 concentration in rats fed the HF diet was also observed in the present study, although this decrease was not accompanied by a significant change of T3 levels. It has been previously shown that leptin activates the hypothalamo-pituitary-thyroid axis through the induction of TRH gene expression in the PVN of the rat (Huo et al. 2004) . In the present study, central administration of leptin reversed the decrease of T4 in the rats on HF diet, but it did not significantly influence T4 concentration in CONT rats. Seemingly, in CONT rats the stimulatory effect of central leptin on the thyroid axis might have been counteracted by other effects of leptin, i.e. its ability to restrict energy intake.
Reportedly, the inhibitory effect of leptin on food intake is, at least in part, mediated by the suppression of neuropeptide Y (NPY) neurons located in the arcuate nucleus and sending fibers to other distinct hypothalamic nuclei, e.g. the PVN. Thus, it has been proposed that leptin action on hypothalamo-pituitary axes might also be mediated through an effect on NPY neurons (Vaugnat et al. 1998) ; indeed, NPY modulates negatively the activity of TRH neurons in the PVN (Fekete et al. 2002) and is inhibitory to GH secretion in rats . It has been also shown that leptin can enhance directly the TRH gene expression through the activation of the JAK2-STAT3 signaling in the PVN (Huo et al. 2004 ) and increase directly GH mRNA content of pig somatotrophs in vitro (Baratta et al. 2002) .
Overall, our data on pituitary GH expression and T4 secretion support a persistent sensitivity of pathways mediating distinct neuroendocrine effects of leptin in lean and obese rats.
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